Survival of sclerotia of Sclerotinia minor and S. sclerotiorum was compared in irrigated fields during the summer in two major lettuce production areas in California. More than 50% sclerotia of S. sclerotiorum compared with 4 and 35% of S. minor remained viable after 24 weeks of burial at 15 and 5 cm depths, respectively, in the San Joaquin Valley while >80% of sclerotia survived in the Salinas Valley for both species. The results explain in part the lower infections from S. minor in the San Joaquin Valley. To identify factors that contribute to the rapid decline in the viability of sclerotia, the effects of soil moisture, temperature, and oxygen levels were studied in laboratory. More than 90% of sclerotia of both species survived for at least 3 months in sterilized dry soils at temperatures between 15 and 40°C. Soil moisture did not affect survival at 15 and 25°C. At 35°C, however, survival rates were significantly lower at high (-0.3 to -0.01 MPa) water potential than at low (<-1.0 MPa) water potential. Incubation under ultralow oxygen concentration (0.01%) significantly reduced survival of sclerotia in nonautoclaved moist soils at 25°C, with less than 2% sclerotia surviving over 4 weeks compared with about 45% sclerotia surviving at the ambient oxygen level (21%). The combination of high temperature, high soil moisture, and reduced oxygen in irrigated fields contribute to the lower survival of both Sclerotinia species and the responses of the two species to these conditions shape their relative geographical distribution.
90% of sclerotia of both species survived for at least 3 months in sterilized dry soils at temperatures between 15 and 40°C. Soil moisture did not affect survival at 15 and 25°C. At 35°C, however, survival rates were significantly lower at high (-0.3 to -0.01 MPa) water potential than at low (<-1.0 MPa) water potential. Incubation under ultralow oxygen concentration (0.01%) significantly reduced survival of sclerotia in nonautoclaved moist soils at 25°C, with less than 2% sclerotia surviving over 4 weeks compared with about 45% sclerotia surviving at the ambient oxygen level (21%). The combination of high temperature, high soil moisture, and reduced oxygen in irrigated fields contribute to the lower survival of both Sclerotinia species and the responses of the two species to these conditions shape their relative geographical distribution.
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Sclerotinia sclerotiorum (Lib.) de Bary and S. minor Jagger are two plant pathogens of diverse hosts including many economically important crops (10, 28, 32) . Lettuce drop, caused by the two pathogens, is one of the most destructive lettuce diseases, causing severe yield losses worldwide (8, 24, 27, 32, 38, 39) . In California, lettuce drop causes about 5% average yield losses and about $100 million economic loss (32, 45) with as much as >30% yield losses in heavily infected fields. In the San Joaquin Valley, California, S. minor has remained a minor pathogen although lettuce drop caused by this species has been observed there frequently (45) . It is unclear why lettuce drop caused by S. minor has not become a serious threat to lettuce in the San Joaquin Valley. A better understanding of the factors that limit infections by this species in the San Joaquin Valley may be useful for the management of lettuce drop in the areas like the Salinas Valley, California where lettuce drop is mainly caused by S. minor.
The disease cycles caused by the two pathogens exhibit many similarities as well as differences on lettuce. Both species mainly survive as sclerotia in soil, and infect lettuce either directly via eruptive germination or indirectly through ascospores produced from carpogenic germination of sclerotia (1, 2, 6, 7, 14, 23, 30, 31, 39) . Secondary inoculum within a season is not produced by either species on infected plants and therefore plant-to-plant spread occurs only through direct hyphal growth from infected tissues to adjacent healthy plants (14, 23) . This usually occurs at very low frequencies and contributes little to the disease epidemics (2, 39) . For S. sclerotiorum, lettuce plants are mainly infected by airborne ascospores from the carpogenic germination of sclerotia, and therefore disease incidence is usually sporadic and dependent on weather conditions conducive to the production of apothecia (31, 45) . In contrast, apothecia of S. minor have rarely been observed in production fields and their role in epidemics is limited (16, 21, 22, 39) . Incidence of S. minor-induced lettuce drop is correlated with the density of sclerotia in soil (14, 23) . Since the density of competent sclerotia (19) in soil is the most important factor affecting infections by S. minor, a better understanding of their survival in soil is essential to develop new methods for management of this disease.
Although sclerotium survival of the two species has been studied extensively, the results from field studies are inconsistent due to the complexity of soil environment. Davis (13) found that sclerotia of S. sclerotiorum near the soil surface remain viable for less than a year, but Young and Morris (46) reported that at least a 4-year rotation was needed for sunflower to be grown in fields with a history of Sclerotinia wilt. Adams and Ayers (6) reported that lettuce drop caused by S. minor could be successfully managed by a 4-year rotation with nonhost crops, but Schwartz and Steadman (35) reported that a 3-year crop rotation did not reduce sclerotia populations significantly, and the soil population of sclerotia did not increase even in fields where severe annual epidemics of white mold had occurred. Similarly, the soil populations of sclerotia in a bean field in New York remained about the same even after three consecutive years of severe epidemics of white mold (G. S. Abawi, unpublished data [2] ). Ben-Yephet et al. (9) found that the number of sclerotia of S. sclerotiorum declined slowly over years following outbreaks of lettuce drop in four naturally infested fields.
Many factors affect survival of sclerotia of the two species. Adams (4) reported that a constant soil temperature of 35°C for 3 weeks or more reduced survival of sclerotia. Solarization, via increasing soil temperature, reduces viability of sclerotia of S. minor in the topsoil (44) , and approximately 96% of sclerotia at 0 to 2 cm depth lose viability within 2 to 3 weeks following solarization. An 8-week solarization also reduces viability of S. sclerotiorum sclerotia buried in the soil at a depth of 10 cm (42) . Viability of sclerotia also declines rapidly over time at high soil water potential (3). Moore (29) reported that nearly 100% of the sclerotia were killed when soil was flooded with water for 26 to 31 days. Imolehin and Grogan (23) found that sclerotia of S. minor survived better in dry than in moist soils, and better at shallow than at deeper soil profiles where higher moisture usually exists. Matheron and Porchas (25) reported that at ≥-0.02 MPa, viable sclerotia decreased as soil temperature increased from 15 to 40°C, no sclerotia were viable after 2 weeks at 40°C, but the viability of sclerotia of both species remained relatively high in dry soil. Adams (5) found that temperature higher than 35°C and very low moisture (-116 MPa or lower) also reduced survival of sclerotia of S. minor, and the low soil moisture during the summer months (6 to 37°C) led to the decline in the number of sclerotia in the soil at the 0 to 2 cm depth.
The most significant factor affecting survival of sclerotia in soil may be biological. More than 30 species of fungi and bacteria have been implicated by various workers (6) . Among them, Trichoderma hamatum and Coniothyrium minitans reduce survival of sclerotia, and are used as biocontrol agents for diseases caused by S. sclerotiorum and S. minor (11, 17, 26, 33) . A significant negative association between viability of sclerotia and bacterial populations on sclerotia was also reported in field experiments (15) .
Despite the plethora of reports described above and the suspected effect of oxygen concentration on survival of sclerotia, few studies have compared the survival of the two species or examined the role of oxygen in the survival of the species. Our objectives were to compare the survival of the two Sclerotinia species in irrigated fields in the San Joaquin and Salinas Valleys, to determine if survival is the factor limiting S. minor in the San Joaquin Valley, and to determine the major soil factors that affect survival of sclerotia of the two Sclerotinia species.
MATERIALS AND METHODS
Isolates used and production of sclerotia. Two isolates each of S. sclerotiorum (BS014 and BS001) and S. minor (SM1 and SC2) maintained on potato dextrose agar (PDA) plates were used to produce sclerotia for all experiments. Fresh potatoes were peeled and cut into 1 to 2 cm cubes and filled into 500-ml flasks up to about 250 ml and autoclaved for 30 min twice in 24 h. After the potato pieces cooled down to room temperature, 5 to 6 (0.5 cm × 0.5 cm) culture plugs of individual isolates were transferred into the flasks. The inoculated potato pieces were incubated at room temperature (around 23°C) and shaken every other day to promote uniform colonization of potato pieces. After potato pieces had been fully colonized by mycelia, the lid on the flasks was slightly opened to aerate the culture. About 3 weeks later, mature sclerotia were collected by washing off mycelia and remaining potato debris in a sieve. Sclerotia were then air-dried and stored at room temperature for use in experiments.
Survival of sclerotia of S. minor and S. sclerotiorum in the Salinas and San Joaquin Valleys. For each of two isolates of S. minor and S. sclerotiorum, 40 sclerotia were placed into a series of nylon mesh bags containing 40-ml nonsterilized pulverized soil (prepared as described later) from lettuce fields in the Salinas and San Joaquin Valleys. The bags were then buried at depths of 5 and 15 cm in two sprinkler-irrigated fields each in the San Joaquin and Salinas Valleys. At 0, 4, 8, 16, and 24 weeks after burial, a bag of sclerotia were retrieved for each treatment combination (valley × field × depth × species × isolate), the soil assayed by wet sieving (40) and the recovered sclerotia tested for viability as described below. The experiment was conducted twice, starting on 16 May 2000 and 15 May 2001, respectively. The experimental design was a split-split-split plot with valley as the mainplot factor, field as the sub-plot factor, depth as the sub-subplot factor, and species and isolate as the sub-sub-subplot factors.
Effects of temperature on survival of sclerotia. Soils collected from five different lettuce fields in the San Joaquin Valley were mixed, pulverized, sieved, and autoclaved as described below, then 35-ml aliquots were dispensed into petri dishes. Forty sclerotia from each of the four isolates were buried into soil in each petri dish. Petri dishes with soils and sclerotia were incubated at 25, 30, 35, and 40°C. At 0, 1, 3, 5, 7, 14, 21, 50, and 91 days after incubation, one petri dish per treatment was sampled and sclerotia were recovered by wet sieving. Viability of sclerotia was tested as described later. The experiment was performed twice.
Development of soil moisture curves. Soils from five lettuce fields each in the Salinas and the San Joaquin Valleys (Huron) were pooled by valley, pulverized manually, sieved (US number 10) to remove large particles, and airdried at <30°C. The air-dried soils were then used to develop soil moisture curves for estimating the amount of water required to achieve different water potentials. The soil samples were filled into steel rings on a pressure plate, saturated with water, and allowed to equilibrate overnight at -0.01, -0.012, -0.02, -0.022, -0.04, -0.06, -0.08, -0.1, -0.15, -0.2, -0.3, -0.5, and -0.8 MPa. Then, each soil sample was weighed immediately (wet weight) and after drying at 85°C for 24 h (dry weight). The water content of each soil sample was calculated as percent water to dry weight of soil: wc = (wet weight-dry weight)/dry weight × 100%. Nonlinear regression model wc = a × (-wp) -b was first linearized as log(wc) = log(a) -b × log(-wp), and regression was performed with the REG Procedure in SAS (Rev. 9.1, SAS Institute Inc., Cary, NC) to fit the relationships between percent soil water content (wc) and water potential (wp) with a power model, to San Joaquin and Salinas Valley soils. The results were back transformed to nonlinear formats and used to estimate the amount of water needed to achieve the different water potentials tested in the experiments (Fig. 1) .
Effects of soil temperature and moisture on survival of sclerotia. Soil samples from lettuce fields in the Salinas and the San Joaquin Valleys were pulverized, sieved, and air-dried as described previously. Half of the Huron soil was also autoclaved at 121°C twice with a 24-h interval. Twenty sclerotia of each isolate were buried into 50 g of soil in a series of petri dishes. Sterilized distilled water was added to these plates to achieve water potentials of -0.01, -0.05, -0.3, and -1.0 MPa (estimated from the standard soil curves). Sclerotia were then incubated at 15, 25, and 35°C. To maintain equilibrated soil moisture treatments during incubation, each petri dish was weighed at the beginning of incubation and every week thereafter. Water was replenished if the weight of any petri dish decreased more than 1 g. After a 0, 4, 8, and 12-week incubation, one petri dish from each treatment was sampled to recover sclerotia by wet sieving. Viability of sclerotia was then tested as described later. The experimental design was a split plot with temperature as the main factor and soil moisture as the subplot factor. The experiment was conducted three times.
Effects of oxygen concentration on survival of sclerotia. Because sclerotia of Sclerotinia spp. survive poorly in deeper soil profiles in the irrigated and flooded fields based on the results of the above experiments and previous studies (15, 25, 29) , experiments were conducted to test whether the poor survival of sclerotia at greater burial depths was due to anoxia. Two separate experiments were conducted. In the first experiment, soil samples were collected from a lettuce field in the Salinas Valley, bulked, pulverized, sieved, and air-dried at <30°C. Half of the soil sample was also autoclaved at 121°C for 1 h twice in 24-h. Forty sclerotia of each isolate were buried into 50 ml of soil in a 100-ml flask. No water was added to the autoclaved soils while 10 ml of sterilized distilled water was added to the nonautoclaved soils (equivalent to water potential about -0.15 MPa). Sclerotia were then incubated at 15 and 25°C each with ultralow (0.1%), low (1%), and normal (21%) oxygen concentrations in treatment chambers modified from pressure cookers. Each chamber had an inlet and an outlet. The ultralow oxygen treatment was achieved by passing nitrogen containing 0.1% oxygen from a nitrogen generator (Balston 75-7820, Parker Hannifin Co., Tewksburg, MA) continuously through the treatment chamber at a flow rate of 1 liter/min. The low oxygen treatment was achieved by passing a mix of the generated nitrogen and compressed air at a flow rate of 1 liter/min through the treatment chamber. Samples for the normal oxygen concentration treatment were exposed to ambient air. The oxygen concentrations for the ultralow and low oxygen treatments were measured at least five times during each incubation period using an oxygen analyzer (model 810, Illinois Instruments, Inc., Johnsburg, IL). After 2 and 4 weeks of incubation, a flask of sclerotia was sampled for each treatment. Sclerotia were retrieved using the wet sieving method and viability of 20 sclerotia was tested on PDA as later described. The experimental design constituted a split-split plot design with temperature as the main factor, oxygen as the subplot factor, and soil and moisture as sub-subplot factors. The experiment was conducted three times. Because significant differences were observed between autoclaved dry soil and nonautoclaved moist soil and the effects of oxygen levels were associated with nonautoclaved moist soil, a second experiment was conducted to determine whether the effects of oxygen levels were associated with soil type and autoclaving treatments. Because there was no significant difference between species and isolates in the first experiment, only BS014 of S. sclerotiorum was used in the second experiment. Soils collected from three different locations (clay, loam, and sandy soils from different parts of the Salinas Valley) were pulverized, sieved, and air-dried at <30°C. For each soil sample, one-half of the soil was autoclaved at 121°C twice in 24 h, and the other half was used as is. Forty selected uniform sclerotia were buried into 50 ml of soil in a 100-ml flask, and 10 ml of sterilized distilled water was added into each flask. The sclerotia were incubated under different oxygen levels at 25°C for 4 weeks, 20 sclerotia were recovered and tested for viability on PDA as described later. The experiment was performed three times.
Viability tests on sclerotia of S. minor and S. sclerotiorum. Germination on PDA plates was used as the indicator of viability in all the experiments. Sclerotia were surface sterilized with 70%
chloramphenicol). The plates were incubated at 20°C in the dark and sclerotia were evaluated for germination every day beginning the 6th day and continued until the 10th day. Each day, the numbers of germinated sclerotia were counted and removed to prevent the developing colony from overgrowing the ungerminated sclerotia in the same plate. The total number of sclerotia that had germinated during the 10 days of incubation was expressed as a percent of the total plated.
Data analysis. Analysis of variance (ANOVA) was performed to test the fixed effects in all experiments using the Glimmix procedure in SAS because of its ability to handle binomial responses. The ratio of the number of germinated (events) to the total tested sclerotia (experiments) was considered the response variable in the model for all experiments.
For data from experiments determining survival of sclerotia in the field, fixed effects tested in the analysis included location (Salinas versus San Joaquin Valley), burial depth (5 and 15 cm), pathogen species, burial duration (4, 8, 16 , and 24 weeks), and their interactions. The experiments in 2000 and 2001 were considered as replications, and effects of year as well as its interaction with other factors was considered as random effects in the model. Because the germination rate of sclerotia showed little difference between either of the two fields in the same Valley or the two isolates of the same species, these factors were dropped from the final analysis and mean viability of sclerotia for year, burial duration, Valley, burial depth, and species are presented.
Temperature, sampling time, species, and their interactions were considered fixed effects in the data analysis for experiments on survival of sclerotia in dry autoclaved soil. Viability data were summed for the two isolates in each species because isolates within species were not a significant source of variance. Replication and its interactions with other factors were considered as random effects. Temperature, soil moisture, sample time, species and their interactions were considered as the fixed effects in the analysis of data from experiments determining survival of sclerotia in soils at different water potentials.
ANOVA of data on the survival of sclerotia at combinations of temperature, soil type, oxygen concentration, and sampling time considered these factors as fixed effects and replication, and its interactions with other factors as random effects. Because differences between the two species were insignificant, the germinated and total tested sclerotia were summed for each combination of oxygen, temperature, and soil in the final analysis.
RESULTS
Survival of sclerotia of S. minor and S. sclerotiorum. Viability of sclerotia of both species declined during the 24-week period of the experiments regardless of burial depth and Valleys. The length of time in the soil had a significant effect on the viability of sclerotia (Table 1 ). Significant differences between the San Joaquin and the Salinas Valleys, and between S. minor and S. sclerotiorum were observed ( Table 1 ). The interactions of time × valley, time × species, and time × valley × species (Table 1) were significant. The viability of S. minor sclerotia declined more rapidly than that of S. sclerotiorum, and the difference between the two species was greater in the San Joaquin Valley than in the Salinas Valley (Fig. 2) . Burial depth influenced the survival of sclerotia significantly along with the burial duration. Sclerotia at 15-cm depth lost viability more rapidly than those at 5-cm depth, showing significant effect of interaction of depth × time ( Table 1) . The difference in sclerotium viability between the two depths was greater in the San Joaquin Valley than in the Salinas Valley, and greater for S. minor than for S. sclerotiorum (Fig. 2) . Nearly 95% of sclerotia of S. minor at the 15 cm depth in the San Joaquin Valley did not germinate after 16 weeks of burial (Fig. 2) . ANOVA revealed significant effects of interactions depth × time, depth × time × valley, depth × time × species, and depth × time × valley × species (Table 1) .
Effects of temperature on survival of sclerotia. Temperature range tested (25 to 40°C) in this study had insignificant effect on the survival of sclerotia of the two Sclerotinia species. During the 91 days of incubation, viability of sclerotia remained high (the lowest germination rate was about 92%) regardless of the incubation temperature and the Sclerotinia species (Fig. 3) . The effects of incubation time was not significant (P = 0.30 to 0.99) and the differences among the temperature treatments were small although statistically significant (P = 0.02).
Effects of soil temperature and moisture on survival of sclerotia. Equilibrated water potentials were maintained during any 2-week incubation period at 15 and 25°C. Although a few petri dishes incubated at 35°C lost >1.0 g of water during a 2-week period, the total weight loss was less than 0.5 g for most petri dishes, and the water potentials did not deviate much from the designed values during the entire experiment. ANOVA revealed significant effects of incubation temperature, soil moisture, species, sampling time, and temperature × time, temperature × moisture, species × time, and temperature × species × moisture interactions (data not shown). The higher the temperature, the faster was the decline in viability of sclerotia of both species except at -1.0 MPa for S. sclerotiorum (Fig. 4) . Effects of soil moisture was only significant at 35°C, but not at 15 or 25°C. Regardless of soil moisture, sclerotia of both species remained viable over the 12-week incubation at both 15 and 25°C. At 35°C, the viability of sclerotia declined rapidly at higher soil moisture. Fewer than 5% of sclerotia remained viable after an 8-week incubation at -0.3 MPa or higher, and the percentage of viable sclerotia decreased to near-zero after 12-weeks incubation (Fig. 4) .
Effects of temperature, soil, and oxygen concentration on survival of sclerotia. ANOVA showed significant effects of incubation temperature, oxygen concentration, soil moisture, sampling time, and temperature × oxygen, temperature × soil, oxygen × soil, temperature × time, and soil × time interactions (Table 2 ). In the dry autoclaved soil, viability of sclerotia changed little over the 4-week incubation duration regardless the different combinations of temperature and oxygen (Fig. 5 ) even though viability of sclerotia exposed to different oxygen concentrations were significantly different at 25°C. In contrast, viability of sclerotia buried in wet nonautoclaved soil declined over time and was affected significantly by incubation temperature and oxygen concentration. The viability of sclerotia declined most rapidly at 0.1% oxygen and 25°C (Fig. 5 ) with 96.7% (±1.3 standard error of the mean) of sclerotia losing viability within 2 weeks of incubation and 98.3% (±0.94 standard error of the mean) of sclerotia losing viability in 4 weeks (Fig. 5) .
Reduced oxygen and autoclave treatments affected the survival of sclerotia significantly among the different soil types (data not shown). Neither the soil type nor its interaction with oxygen concentration was statistically significant (data not shown). Regardless of the soil types, the sclerotia survived better at ambient oxygen concentration in the autoclaved soils than at reduced oxygen concentrations and in the nonautoclaved soils (data not shown).
DISCUSSION
Sclerotia of S. sclerotiorum survived significantly better than S. minor under the soil conditions evaluated in the field study. Among the many factors that affect the survival of sclerotia of Sclerotinia species in the complex soil environment, soil temperature and moisture coupled with oxygen concentration play a significant role. While the effects of soil temperature and moisture on survival of Sclerotinia spp. either singly or in combination have been studied extensively (3) (4) (5) 9, 15, 17, 18, 20, 23, 25, 26, 29, 42, 44) , the potential role of oxygen deficiency on the survival of sclerotia was previously untested. Regardless of the temperature and oxygen levels, consistently high numbers of sclerotia of both species survived in dry soils. In contrast, viability of sclerotia of both species declined in wet soils. This decline was more evident and rapid in the ultralow oxygen environments than under ambient oxygen conditions. These responses were identical in all soil types tested in this study. Previous studies, save for two (20, 25) had studied the effects of temperature and soil moisture on germination of individual Sclerotinia species. In contrast, this study compared the survival of sclerotia of both Sclerotinia species. This is also the first report of comparing the responses of two related species to combinations of soil temperature, moisture, and oxygen. Under the warm conditions of the San Joaquin Valley (at 15 cm below the soil surface, the average soil temperature over a period from 15 June to 15 September ranged from 23.5 to 30.3°C among 10 nearby California Irrigation Management Information System's weather stations during 1995 to 1997), sclerotia of S. sclerotiorum survived significantly better than sclerotia of S. minor. More than 95% sclerotia of S. minor failed to germinate after a 16-week burial in the San Joaquin Valley even though previous reports (6) generally considered the sclerotia to survive in soil over multiple years. Experiments reported here were conducted in commercial production fields and the findings in this study and those of Matheron and Porchas (25) are remarkably consistent even though the soil temperature and moisture in this study may not be comparable with those in Arizona during summer. Matheron and Porchas (25) also found that S. minor declined faster than S. sclerotiorum and more so under warm than cool conditions. This study at least partially explained why S. minor has not established as a major pathogen on lettuce in the San Joaquin Valley even after its presence in the Valley has been recorded for decades. Because lettuce is usually not grown in the San Joaquin Valley from April to October each year when soil temperature is usually above 25°C, few sclerotia of S. minor can survive the summer to cause disease on the next crop of lettuce. More generally, this finding provides a more plausible rationale for the geographical distribution of the two species in the world. S. minor is present mostly in areas with cool climates, such as the Salinas Valley where the soil temperature is usually lower than 20°C even during the summer and S. sclerotiorum is distributed more widely throughout the world, including places like the San Joaquin Valley with hot summers (32) .
Significantly more sclerotia of both species survived at 5 cm depth than at 15 cm depth. These results are similar to those obtained by several previous studies (15, 23, 25) . This differed from the report by Adams (5) that more sclerotia survived in deeper soil profiles than those on the surface or near the surface. This difference may have resulted from different approaches employed in the two studies as the newly produced sclerotia were not excluded nor were the fields irrigated at frequencies similar to California commercial fields in the study by Adams (5) . Lower survival of S. minor in deeper soil profiles (3,23) was used as a rationale to develop deep plowing as a disease management strategy in the early 1980s. However, Subbarao et al. (41) determined that while the expected overall reduction in the number of sclerotia of S. minor was achieved immediately following deep plowing, the tillage operations associated with deep plowing also tended to distribute sclerotia horizontally and led to a less aggregated pattern. This led to increased lettuce drop in lettuce crops following deep plowing (41) . The results from the current study suggest that the survival of sclerotia is less affected by burial depths at cooler temperatures. This may also explain the ineffectiveness of deep plowing in the Salinas Valley with soil temperature mostly lower than 20°C.
Under ambient oxygen levels, a combination of high soil temperature and soil moisture significantly reduced survival of sclerotia of both Sclerotinia species. The effects of temperature and moisture on survival were only significant when they were tested together. High soil moisture or high temperature alone showed very little effect on the survival of both Sclerotinia species. The results on effects of temperature were consistent with the reports by Adams (5) who found sclerotia of S. minor can survive well at a soil temperature up to 35°C, and concluded that soil temperature alone does not play a major role in the natural decline in populations of the fungus. The results on soil moisture obtained by Adams (5) where fewer sclerotia of S. minor survived at extremely low water potential were inconsistent with the results obtained in this study as well as those by Abawi et al. (3) . The survival at extremely low water potential may mimic the survival of sclerotia above soil surface without vegetation coverage, but the survival of sclerotia during rotation with nonhost crops may be better estimated by results obtained with the high soil water potential that are common in irrigated fields. Unlike in the previous studies by Abawi et al. (3) who found significant difference between two different soils, no significant difference was found in this study among autoclaved and nonautoclaved soil collected from the San Joaquin Valley, and nonautoclaved (clay) soil collected from the Salinas Valley at similar water potentials. Therefore, the rapid decline in the viability of sclerotia at high soil moisture and temperature observed in this study could not be attributed to the activity of certain soil organisms, which has been speculated repeatedly (3, 5, 6, 23, 25) .
The effect of oxygen concentration on survival of sclerotia under conditions tested in this study was quite remarkable. Regardless of the origin of soils that were autoclaved or not, low oxygen concentration significantly reduced the survival of sclerotia of both Sclerotinia species. Lowest survival of sclerotia of both Sclerotinia species at ultralow oxygen occurred at 25°C in soils with high soil moisture, and the effects of oxygen were smaller at 15°C and low soil moisture. More than 96% of sclerotia lost viability within a 2-week period at ultralow oxygen concentration (0.1%) with the soil temperature at 25°C and water content at 20% (vol/vol water potential at about -0.1 MPa). This reduction was more dramatic than that caused by high soil temperature and moisture at ambient oxygen level. Oxygen concentration is extremely low at depths ≥5 mm from the surface in flooded fields (34) , and negatively related to the pore space filled by water (36) , and is usually lowest around the depth of 15 to 20 cm in drip irrigated fields (37) . Given this, the results suggested that oxygen deficiency deep in irrigated or flooded soils may be a major cause of enhanced degradation of sclerotia (25, 29) . This is the first report of destructive effects of oxygen deficiency or anoxia on the soilborne sclerotia of fungi, but similar results were reported on mycelium of wood-decay fungi. During 16 weeks of incubation under low oxygen conditions achieved with either argon or nitrogen gas, 80% of mycelium inocula of Coniophora puteana and 76% of Antrodia vaillantii lost viability (43) . A direct and detrimental effect of soil waterlogging was also reported on survival of Collybia fusipes both under controlled conditions and in forest stands (12) . A better understanding of the mechanisms behind the enhanced degradation of sclerotia deep in the irrigated or flooded soils will help design improved strategies for the management of diseases caused by S. minor, S. sclerotiorum, and other soil-borne pathogens.
